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In this paper, the dependence of the crystallographic direction in the critical concentration of IV-type
atoms for the zincblendeediamond (orderedisorder) transition in (IIIeV)eIV semiconductor alloys
were found for the (001), (110), and (111) growth directions by using Monte Carlo simulations. Intervals
for the concentration values were determined by simulation, generating a band that is consistent with
experimental data. Selecting the average value of this band produces good agreement with previous
experimental results. It was also found that the relationship between order parameter and concentration
does not have unique values and that there exists a band of events. The existence of this band can explain
the scatter in the experimental data reported in x-ray, Raman, and optical anisotropy. It was found that
the site percolation threshold is independent of the crystallographic direction of growth and converges
to a single concentration value x z 0.437.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
In this work we studied the zincblendeediamond orderedis-
order transition (ZBeD) for (IIIeV)eIV semiconductor systems, as
well as the percolation threshold for the (011), (110), and (111)
directions using Monte Carlo simulations. Recently, Giorgi et al. [1]
published a revision about the applications of this kind of semi-
conductors, and showed the technological interests of this struc-
tures in monolithic integration of GaAs and Ge for the use in
multijunction photovoltaic devices. The physical properties of
semiconductor alloys had traditionally been assumed to be
continuous functions of elemental composition as in the case of
the Vegard's law [2]. However, in the case of (GaAs)1x(Ge2)x
((IIIeV) 1x (IV2)x) semiconductor alloys, Newman et al. [3], found
that the behaviors of the band gap exhibit a large negative V-shape
as a function of the x with a minimum Eg z 0.5 eV near x ¼ 0.3.
They proposed a simple model based on the zincblende toríguez-García).
B.V. This is an open access article udiamond transition as a possible explanation for their results.
Rodriguez et al. [4] studied the inﬂuence of the growth direction
on the order disorder transition for (GaAs)1x (Si2)x alloys, using
high resolution x-ray diffraction and Monte Carlo simulation for
the (001), (110), (112), and (111) directions; they found a strong
dependence of this transition on the growth direction; but in the
case of (111) directions it was found that this transition occurs only
in the case of pure Si or Ge. The same study also found that the
experimental and computational values of the concentration
required for the orderedisorder transition differ signiﬁcantly.
Salazar-Hernandez et al. [5] have reported the orderedisorder
transition in (GaAs) 1x (Ge2) x alloy by Raman scattering for (100)
studying the ratio Ga/Gb for the LO mode, they found a unique x
value of 0.35 for this transition. According to the aforementioned
works, it is clear that in the case of orderedisorder transition the
critical concentration depends on the crystallographic growth
direction; however, in these works there exists a unique value for
the order parameter for each concentration, and information
related to the morphological conﬁguration and percolation of IV
atoms in this structure for different directions has not been
studied in detail.nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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negative, and asymmetric band gap bowing in (GaAs)1x(Ge2)x al-
loys is investigated as function of Ge concentration, by using the
combination of density functional theory and GWo approach. They
found that the large negative character of the gap bowing is due to
the increase of the octetrule violating bonds (bad bonds) as Ge
reaches intermediate concentrations, while the asymmetry is
governed by the presence of GaAs clusters embedded in the Ge
matrix at Ge concentration between 0.3 and 1. Both the clusteri-
zation and fragmentation of GaAs region are phenomena able to
delocalize the extracharges on the formed bad bonds, causing
thermodynamic stabilization, and band gap increase. This is the
ﬁrst theoretical work in which the energy calculation as a function
of the IV concentration includes the morphology of the sample, in
special the formation of phase and antiphase regions as well as Ge
conﬁguration.
For the simulation models to study the orderedisorder transi-
tion in this system, two aspects had to be taken into consideration:
the ﬁrst is related to the output results that give information about
critical concentrations in which the transition occurs for each one
of the studied crystallographic orientations, and the second is
related to the phenomena that is going to be studied, taking into
account the growth conditions of the system, such as percolation. In
the case of (IIIeV)eIV systems the existence of IVeIV pairs is well
known, but IIIeIII and VeV pairs are not permitted. These condi-
tions result in the formation of IV chains that are able to cross the
entire crystal and produce the percolation of IV pairs along the
system.
The term percolation can be related to different applied and
theoretical physics problems, and usually has been associated with
critical phenomena. Usually, percolation has been deﬁned as a
random process [7,8], however, it is important to clarify that the
term percolation can also be associated with critical phenomena
such as: abrupt change of electrical conductivity in a system, the
propagation of a ﬁre in a forest, the changes in the optical or
magnetic properties in semiconductor material, among others.
Monte Carlo method has been used to study percolation pro-
cesses [9e11], but it does not indicate that the percolation process
that takes place during the event is a random process. In addition,
the probability theory has also been applied to describe certain
physics events and assist in understanding these critical phenom-
ena [12,13].
Monte Carlo method has been used to solve different problems
associated with the zincblendeediamond order disorder transi-
tions. Rodriguez et al. [14] used this methodology to study the
changes in the crystalline quality of CdTeZn as a function of con-
centration, using a mapping function for zinc blend structures.
Percolation problems and the percolation threshold value are
important in different sciences, because this value can explain
some critical phenomena. Such is the case in regards to the corre-
lation between percolation thresholds and certain critical problems
in semiconductors; consequently, the order disorder (zincblende-
diamond structure) transition has attracted interest over the last
three decades [15]. The study of IIIeV and (IIIeV)eIV semi-
conductor materials is very important for device fabrication and for
characterization. One of the most interesting problems with these
kinds of structures is the well-known zinc-blende-diamond tran-
sition [16e18].
Taking into account the aforementioned investigations, it is
crucial to establish if the percolation process in the case of order-
edisorder transition occurs before or after the order parameter
takes a value of zero, as has been established by Silverman and
Adler [19]. The juxtaposition is that, it is also very important to
study the changes in the morphology as result of theimplementation of non IIIeIII and VeV bonds and permitting the
existence of IVeIV bonds.
However, in all the aforementioned works, the study of the
structural transition was done using the orderedisorder model but
speciﬁc information regarding the percolation values for different
crystallographic orientations was not included.
This work is focused in the study of the zincblendeediamond
(orderedisorder) transition for a (IIIeV)e(IV) single crystal for the
(100), (110), and (111) directions, as well as the site percolation
thresholds for these crystallographic orientations. This study was
carried out using mapping functions and Monte Carlo simulation
for 1  106 sites.
2. Computer simulation
In order to study the orderedisorder transition and the perco-
lation problem for the zincblendeediamond system, the developed
model took into account its structure and used a mapping function
to convert this structure into a simple cubic structure for the (001),
(111), and (110) directions. These mapping functions were devel-
oped to simplify computer calculations. The dimension of the lat-
tice was 100  100  100 sites for (001), (111), and (110) directions
respectively. Fig. 1 shows the primitive vectors for zincblende
structure for each of the directions and the vectors mapped in a
single cubic lattice. For the computational process, periodic con-
ditions were applied.
Kim and Stern [20] used a cellular automatonmodel to study the
kinetics of GaAseGe growth. In this case, they used a layer by layer
growth process (sputtering) to study the zincblendeediamond
transition, but they did not use a mapping function. In this simu-
lations we used a model in which a mapping function that includes
the primitive vectors was implemented for different crystalline
directions and assuming a bulk growth.
In order to improve the computational time, Rodriguez et al. [14]
developed a mapping function for the zincblende (diamond)
structure. For the (001) direction the zincblende to single cubic the
mapping function can be written as follows:
r!¼ l a1!þm a2!þ n a3!/ R
!¼ n x!þ l y!þ 2ðmþ nÞ z! (1)
for the anion sub lattice and
r0
! ¼ l a01
!þm a02
!þ n a03
!
/R0
! ¼ n x!þ l y!þ 2ðmþ nþ lÞ z!
(2)
for the cation sub lattice, where a1
!
; a2
!
; a3
! are the primitive
vectors of the anionic lattice, and a01
!
; a02
!
; a03
!
are those of the
cationic lattice and x!; y!; z! are the primitive transformation vec-
tors for the cubic lattice. The anionic lattice can be mapped on the
even planes and the cationic lattice on the odd planes. No IIIeIII or
VeV nearest-neighbor pairs are permitted in this simulation, while
IVeIV pairs are permitted. The same procedure was carried out for
(110) and (111) directions as can be seen in Fig. 1aec.
To summarize: thewhole lattice is ﬁlled with neutral atoms. The
x, y, and z coordinates as well as the type of atom occupying each
position are randomly chosen. The nearest-neighbor pairs are
veriﬁed, and then a sticking coefﬁcient is generated to control the
III, IV, and V concentration; if the type atom satisﬁes these condi-
tions, it is located in (x, y, z) site. The order parameter in this case is
deﬁned as:
M ¼ PIII=III  PIII=V
PIII
; (3)
Fig. 1. Mapping function for zincblende (diamond) structure for (001), (110), and (111) directions.
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PIII/V represents the III atoms located in the sub lattice (V), and PIII is
the total number of III atoms.
We deﬁne two parameters in the simulation; 0  R  1 which is
the probability for an atom type III or V to be located in the other
sub-lattice, and 0 R0  1 which is the probability for an atom type
IV to be located in any place of the lattice, R and R0 are called
sticking coefﬁcients. Thus, R and R0 control the chemical composi-
tion of the crystal. Fig. 2 shows the ﬂow chart of the main sub-
routine growth, this subroutine is repeated for different values of R
and R0 to generate the order parameter curve.
For the identiﬁcation atom clusters of type IV that are formed,
we used an algorithm based on the work of Hoshen and Kopelman
[21] then we determined the site percolation threshold. We used
the growth the procedure shown in Fig. 2 to then analyze the
clusters formed.
3. Results
Fig. 3 shows the superposition of two consecutive planes
(anionsecations) for concentrations of x ¼ 0.2, 0.3, 0.36, and 0.40
for the (001) direction. Green squares (in web version) represent
the III atoms in its own sub lattice (IIIeIII), yellow squares (in webversion) represent the V atoms in its own sub lattice (VeV), blue
circles (in web version) represent III atoms in the V sub lattice
(IIIeV), and red circles (in web version) represent V atoms in the
sub-lattice III (VeIII) while black triangles represent the IV in any
sub lattice. For a concentration of x ¼ 0.2 the formation of short 3-
dimensional chains is evident and the beginning of the anti-phase
regions can be observed. An anti-phase region is deﬁned as a part of
the crystal where the III atoms are located in the V sub lattice and
vice versa. If the concentration increases (0.3 and 0.36), the pres-
ence of anti-phase regions increases. These newly formed regions
are surrounded by IV atoms. In the case of Fig. 3c) for x ¼ 0.36, the
phase and anti-phase regions are equal and the order parameter is
equal to M ¼ 0; which means that for this concentration the zinc-
blende structure has lost its “memory” (anionecation sub lattice)
and becomes a diamond lattice; consequently, the anionecation
sub lattice distinction disappears. For x > 0.36, this lattice is dia-
mond and it is mainly composed of IIIeV phase incrustations into
the IV lattice. Finally, when the concentration of IV atoms increases
up to 0.4, the formation of islands enclosing the phase and anti-
phase regions is evident and the lattice now is diamond (see
Fig. 3d).
Fig. 4 shows the order parameter for the (001), (110), and (111)
directions as a function of the concentration. It is noteworthy that a
Fig. 2. Flow chart for the bulk growth algorithm.
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band has not been reported by any other works. The dash lines
identiﬁed as ‘a and b’, represent the following events obtained by
using Monte Carlo runs: line a shows that is possible to have
crystals with the same order parameter, but with different con-
centrations; meanwhile line b shows that it is possible to have a
crystal with the same concentration, but with different order
parameter. This fact is signiﬁcant because it is clear that evenwhen
the crystals have the same concentration, their physicochemical
properties could still be different.Physically, the band of events found in this simulation can be
explained as follows: by using the insets in Fig. 4, we note that the
ﬁrst one shows the FWHM 1 of the free exciton for the photo-
luminescence of CdTeZn (zincblende) as a function of the concen-
tration for low Zn concentrations taken at 13 K; and the second
shows the FWHM1 (Degrees1) for the crystalline quality of
different crystals using x-ray diffraction. In this inset we report the
experimental data reported by Rodriguez et al. [14], and Sze et al.
[22,23].
Fig. 3. Superposition of two consecutive planes used to show the evolution of the phase and antiphase regions and the formation of IV chains.
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case we have single crystals with the same concentration but
different crystalline quality reﬂected in changes in the PL of the free
exciton. This means that all of these crystals have different order
parameter. On the other hand, the horizontal lines in this ﬁgure
show that it is possible to have single crystal with the same order
parameter but with different concentrations. The same behavior
was found for the study of the crystalline quality of singles crystal
using x-ray diffraction.
According to Fig. 4, the orderedisorder transition is inﬂuenced
by the crystal growth direction, for the (100) direction xc was
0.36 ± 0.01, for the (110) direction this parameter was
0.437 ± 0.020, and 0.451 ± 0.030 for the (111) direction. The
quantity xc represents the average concentration inwhich the order
parameter M is zero and the zincblende ediamond transition oc-
curs. In this case ± represent the thickness of the band at M ¼ 0.
It is clear that the number of ﬁrst neighbors inﬂuences the
probability for an atom to occupy an (x, y, z) site. For instance, in the
case of (100) direction, an assigned place in any plane retains
“memory” of the other two sites in the down plane and the two
sites in the upper plane; for the (110) direction the occupied place
retains memory for one site in the down plane, two sites in the
same plane and one site in the upper plane. The same form holds
true for the (111) direction of occupied sites retaining memory for
three sites in the down plane and one site in the upper plane or vice
versa.
Some important questions to resolve during this investigation
are: To determine whether the site percolation of a type IV atom
across the bulk of an IIIeV material occurs before or after the
zincblendeediamond transition (when M ¼ 0). To determine if the
percolation value is dependent on the crystalline direction of thegrowth. And ﬁnally, to check whether there is any dependence on
the size of the lattice?
The algorithm used to determine the existence of percolation
paths was developed by Hoshen and Kopelman [21]. In brief, after a
characteristic growth simulation for a given concentration, the III/
III, III/V, V/V and V/III atoms are removed, and the IV atoms are
relabeled. Then the algorithm looks for the existence of ﬁrst
neighbors to create a set of clusters along a speciﬁc direction.
Theoretical studies for the percolation values in zincblende
(diamond) structures have been reported by Silverman and Alder
[19] (for 60  60  60) sites using Monte Carlo simulation and
series expansion methods. They found a percolation value of 0.426
with an error of þ0.08 and 0.02 for the (100), but they do not
explain the reasonwhy the error differs for the left and for the right
in relation to the central value.
Fig. 5 shows the xpc as a function of L as well as L1 for (001),
(110), and (111) directions, L represents the number of sites per
side (linear dimension). As can be seen, if the L increases the
asymptotic values for the xpc approaches 0.437. It is noteworthy
that this value is unique for all directions, but the simulation
conditions for low lattice dimensions inﬂuences the ratio between
the atoms located on the surface and the atoms located in the bulk.
It is also important to recall that the existence of the unique band
of both vertical and horizontal events for each direction can
explain the differences observed in some physical properties such
as x-ray diffraction and optical anisotropy, as was the case for
(GaAs)Si according to Lastras et al. [17] and Davis and Holloway
[16] in the study of changes in structure using x-ray diffraction. In
that investigation it was not necessary to use a baseline and all the
experimental values fell into the unique band of events shown in
this work.
Fig. 4. Order parameters for the (001), (110), and (111) directions, as a function of the concentration.
Fig. 5. Shows the xpc as a function of L as well as L1 for (001), (110), and (111) di-
rections, L represents the number of sites per side (Linear dimension).
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According to the aforementioned results, it can be concluded
that the orderedisorder transition of zincblende to diamond
structure is dependent on the growth direction, while the perco-
lation value is the same for all directions. Percolation occurs in
some cases when the matrix is in the zincblende structure as is the
case of the (001) direction (family) and in the diamond structure for
the (110) and (111) directions. Another important aspect is related
to the existence of a unique band of events that allows the presence
crystals with the same concentration but with different values of
the order parameter and crystals with the same order parameter
but with different concentrations. This new fact found in oursimulation, explaining the dispersion in some experimental results
reported in the literature. In the case of zincblendeediamond
transition the value obtained using our simulations for the (111)
direction xc ¼ 0.451 ± 0.030 is not in agree with the previous re-
ported values [4,5,17]. The morphology of system is inﬂuenced by
the concentration of IV atoms, this results agree with theoretical
calculations reported by Kawai et al. [6] and Giorgi et al. [1].Acknowledgments
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